Acinetobacter sp. strain MJT/F5/199A is a gram-negative bacterium which has already been extensively studied by electron microscopy, using negative staining and thin-sectioning techniques (26) . (The problems involved in the taxonomic position of this organism have been discussed by Thornley, Glauert and Sleytr [27] .) A method of isolating cell walls and outer membranes from a preparation of cell envelopes has been described (27) . An array of regularly arranged subunits is present on the isolated cell walls and outer membranes and is thought to be located on the outer surface of the intact cell.
In the present study, the freeze-etching technique was used to examine the distribution and development of the surface pattern on growing bacteria, and to investigate the possibility of disturbing this pattern by incubation in the presence of chloramphenicol. In addition, the location of fracture faces found in the cell 1 Present address: Institute of Food Technology, University of Agriculture, A-1180 Vienna, Austria. envelope was studied by comparing the results obtained by freeze-etching of intact cells and spheroplasts, and isolated cell wall and outer membrane preparations, with those already obtained by other techniques.
MATERIALS AND METHODS Growth of bacteria. Acinetobacter sp. strain MJT/F5/199A (NCIB 10885) was grown with aeration in Difco heart infusion broth containing 0.01% CaCl2 at 28 to 30 C. Growth was estimated from changes in the optical density, measured at 600 nm with a Unicam SP 1400 spectrophotometer.
Cultures for examination by freeze-etching were centrifuged when in the logarithmic or early stationary phases of growth, and the pellets were used without washing, since cells washed once in 0.05 M phosphate buffer (pH 7.4) before freeze-etching were indistinguishable in appearance from unwashed cells. Glycerol treatment was carried out by centrifuging the bacteria from a culture in the logarithmic phase, SLEYTR AND THORNLEY 30-min interval between additions, to give final concentrations of 15 or 30% (vol/vol). The pellets obtained by centrifuging these suspensions were used for freeze-etching.
Preparation of fractions from cell envelopes. The methods of preparation of fractions from the cell envelope are described in full by Thornley et al. (27) . Bacteria were broken in a French press, and fragments of the isolated cell walls were treated with lysozyme to obtain a preparation of outer membranes. These outer membranes retained the regular pattern of subunits, which was removed by treatment with papain. Preparations of cell walls, outer membranes, and papain-treated outer membranes were freezeetched in the absence and presence of glycerol, at a concentration of 25% (vol/vol), in the buffer used for the final wash of each preparation.
Preparation of spheroplasts. For spheroplast preparation, bacteria in the early logarithmic phase of growth were washed once in 0.05 M phosphate buffer (pH 7.4) and then suspended in the same buffer. This suspension was mixed with sucrose-containing buffer, and two additions of glycerol were made, with an interval of 15 min between additions. Two mixtures were made, in both of which the final concentration of sucrose was 10% (vol/vol), whereas that of glycerol was either 10 or 25%. To both these suspensions, ethylenediaminetetraacetate (disodium salt) (EDTA) was added at 100 Ag/ml, followed by lysozyme at 20 gg/ml. After 10 min at 20 C, the preparations were centrifuged at 12,000 x g for 10 min and the pellets were examined by freeze-etching.
Treatment with chloramphenicol. In experiments with chloramphenicol, a culture in the logarithmic phase was grown to an optical density of 0.1, the culture was divided into two, and chloramphenicol (Parke Davis Ltd) was added to one portion to give a concentration of 50 ug/ml. Incubation was continued for 4 h, which resulted in an optical density of 0.62 to 0.80 kV with a 50-jum objective aperture.
RESULTS
Surface structure. After being freeze-etched in the absence of glycerol, intact cells often appear as in Fig. 1 . Fracture has taken place within the plasma membrane, revealing the convex face (p^m) adjacent to the cytoplasm, surrounded by the broken edges of the cell envelope. Around this, the outer surface of the cell has been exposed by etching, and a large part of it shows the regular pattern of subunits. The visibility of the pattern depends on the relation of the angle of shadowing to that of the cell surface, so that it can rarely be seen over the whole of the exposed part of a cell. Small amounts of amorphous material, probably of capsular origin, are also visible on the surface, as are a few fimbriae (arrow).
Both logarithmic-and early stationary-phase cells carry the regular array of subunits which probably form a continuous covering over the entire surface.
Optical diffraction analysis of election micrographs of negatively stained preparations (13) has shown that the subunits are arranged in rows which lie at an angle of approximately 800 to each other, and that the spacing between the rows is approximately 6 nm in one direction and 8 nm in the other direction. Some features of this arrangement can be seen in freeze-etched preparations at higher magnifications (Fig. 2) .
Preparations of isolated cell walls and outer membranes which had received at least four washes in 20 mosmolal phosphate buffer (27) were also examined by freeze-etching, and show the same array of subunits as that seen on intact cells. However, the spaces between the subunits seem to penetrate deeper into the cell wall and outer membrane preparations (Fig. 3) , probably due to the removal of material from between the subunits by the washing procedure. Some discontinuities in the regular array are to be expected, since on intact cells the pattern has to cover the curved surface of the bacterium. Regions where the rows of subunits are aligned in different directions in adjacent areas may be seen; in Fig. 4 four such areas occur close together. In dividing cells, many discontinuities are seen at the constricted zone ( Fig. 6, arrows ; Fig. 8 ), but some are found on other parts of the cell also.
Narrow cracks in the outer surface are occasionally seen (Fig. 2, 5) , often near to regions of fracture. Many fibrils lie across the crack shown Blebs and irregularities in the surface. This Acinetobacter divides by a process of constriction combined with the ingrowth of a thick septum (26) . The appearance of the outer surface at the region of constriction is shown in Fig. 6 , 7, and 8. At an early stage in the process (Fig. 6 ), slight folds are apparent, and later, with more constriction of the dividing cell, deeper folds (Fig. 7) or blebs ( Fig. 8 ) of the surface material are often seen. Some blebs are also present on parts of the cell wall which are not close to the site of division (e.g., Fig. 10 ). The pattern of subunits on the protruding bleb may be continuous (Fig. 9a) or discontinuous ( Fig. 9b) with that on the surrounding area of the cell wall.
A few larger blebs are seen, and some of these structures are clearly continuous with the surrounding surface ( Fig. 11 ) whereas others appear partially detached. Completely detached portions of surface material covered with sub-units and surrounded by the medium are observed (Fig. 12 ). Detached fragments separated by centrifugation from the intact cells of a culture in the logarithmic phase and examined by negative staining (Fig. 13 ) also showed the surface subunits and in general appearance resembled the outer membrane fragments prepared by Thornley et al. (27) . Consequently, it seems likely that the folds and blebs on intact cells, and the isolated fragments seen in freezeetched preparations, consist of portions of the outer membrane together with its surface subunits.
After incubation for 4 h in the presence of chloramphenicol, large areas of the surface were masked by small globules and irregular patches of amorphous material (Fig. 24) , resembling those present in much smaller amounts on control cells. In some places, the regular pattern was seen to be present under this material, but whether it was present over the whole cell surface could not be ascertained.
Layers observed in cell envelopes. The appearance of the envelope in thin section is shown in Fig. 14 ; evidence of the composition and appearance by negative staining of the various layers has been obtained in earlier studies (26, 27 the outer membrane (om), which shows the regular array of subunits on its outer surface after negative staining.
After freeze-etching, the separate layers of the cell envelope can be most clearly seen in somewhat oblique fracture, where the broken edges are adjacent to an area of internal fracture of the plasma membrane ( Fig. 15-18) . Viewed from the outside of the cell (Fig. 15) , the regular surface pattern extends to the edge of the outermost layer, cwl, and below this are two more layers, cw2 and cw3, presumed to form part of the cell wall, together with the edge of the outer half of the plasma membrane. In a fracture more nearly normal to the surface (Fig.  16 ), only two layers can be distinguished. Many fibrils extend from the broken edges and lie over the convex inner fracture face of the plasma membrane.
The same structures viewed from the opposite direction, that is from the inside of the cell (which has been removed by the fracture), are shown in Fig. 17 and 18 , both of which represent cells fractured in the presence of 30% (vol/vol) glycerol. The three main cell wall layers and the edge of the outer, concave portion of the plasma membrane can be distinguished, and, in addition, layer cw3 shows evidence in places that it consists of two layers (Fig. 17) ; this effect is only seen in cell envelopes fractured in the presence of glycerol.
Effect of lysozyme on layers of the cell envelope. To help in identification of the layers, lysozyme treatment was used, since this is known from earlier work (27) to remove the dense, peptidoglycan-containing layer, leaving the outer membrane still carrying the regular array of subunits, as shown by negative stain- ing. The appearance in section is seen in Fig. 20 , which may be compared with the untreated cell envelope in Fig. 14 . Although some amorphous material is seen on the outside of the outer membrane in both cases, the array of subunits is not visible in section as a separate layer.
For the freeze-etching experiments, cells suspended in sucrose and glycerol were treated briefly with EDTA and lysozyme (see Materials and Methods) and then freeze-cleaved. It is seen from Fig. 19 and 21 that layer cw3 has disappeared, leaving some granular material (Fig. 19, arrow) . The cytoplasm remains bounded by the plasma membrane, and this is separated by an irregular space from layers cwl and cw2, which remain firmly attached to each other. This double layer cwl + cw2 is not complete around all spheroplasts, as broken curled edges can be seen (Fig. 19 ) and detached fragments are also found.
This experiment shows that layer cw3 contains the peptidoglycan, and probably other material also, whereas the double layer cwl + cw2 corresponds to the outer membrane carrying the array of subunits (compare Fig. 20 and  21 ). It would seem that the array of subunits appears in cross-fracture as a distinct layer, cwl, although it is not visible in thin sections.
Effect of chloramphenicol on layers of the cell envelope. The effect of incubation with chloramphenicol on the structure of the cell envelope is shown in thin section in Fig. 27 , which may be compared with the envelope of an untreated cell in Fig. 14. There is a considerable increase in overall thickness in Fig. 27 , partly due to the dense layer, which is at least 12 nm thick, compared with 6 to 7 nm in normal cells. Some areas show much greater thicknesses of the dense layer (e.g., Fig. 29 ), but these may be exaggerated if the plane of section is not perpendicular to the cell wall. The intermediate layer and the region between the dense layer and the plasma membrane are also, in general, thicker, although very irregular in width. The intermediate layer also appears less dense than in a normal cell. These changes in thickness were more clearly seen in section than in cross- freeze-etched in the presence and absence of glycerol, and fracture faces were found only in the cell walls treated in the presence of glycerol.
Whenever fracture takes place in the wall, the location of the fracture plane appears to be the same and, in both chloramphenicol-treated cells (without glycerol) and normal cells with glycerol, the corresponding faces have a very similar appearance. The concave face appears to be the inner surface of cw2 (Fig. 18, 22 ) and consists of densely packed, irregularly arranged granules about 7 to 10 nm in diameter (Fig. 18,  22, 23) . The convex face appears to be the outer surface of cw3 and shows a fibrillar surface structure (Fig. 24) ; these fibrils appear similar to those arising from the fractured edges of cwl and cw2 lying on the fracture face (Fig. 24) , and also to the fibrils which extend from the fractured edges of the wall over the convex internal fracture face of the plasma membrane (Fig. 1,  15, 16 ).
(ii) In plasma membranes. The plasma membrane fractures internally in the absence or presence of glycerol and in normal cells presents the appearance typical of bacterial plasma membranes, with densely packed granules of 10-to 15-nm diameter on the convex face (Fig.  1, 15 ) and more widely separated granules on the concave face (Fig. 18, 22) . In spheroplasts, small areas show a linear arrangement of particles about 5 nm in diameter (Fig. 25, arrows) ; similar observations have been reported for the plasma membranes of Bacillus stearothermophilus after lysozyme treatment (21) .
After chloramphenicol treatment, many areas of the convex face of the fractured plasma membrane show a net-like distribution of particles, with small smooth areas between them (Fig. 26) . This appearance has been observed in the plasma membranes of some bacteria during normal growth, in both logarithmic and stationary phases (1, 23) , but it did not occur in the Acinetobacter under such conditions. The same appearance has been described for a culture of Escherichia coli after magnesium starvation (7) .
Cytoplasmic contents. In normal cells the granular surface of the cross-fractured cytoplasm shows no internal detail. However, after incubation for 4 h in the presence of chloramphenicol, differences of texture are shown by central regions of the cells, which may have a slightly fibrous appearance (Fig. 28, n) . These regions are assumed to be those containing the deoxyribonucleic acid.
Near the periphery of the chloramphenicoltreated cells, rounded or lens-shaped bodies are present in the cytoplasm, which has a smoother, less granular texture in these regions (Fig. 28) . A thin section of a similar region (Fig. 29) shows that the rounded bodies are surrounded by unit membranes, or sometimes by two layers of membrane, and that the adjacent cytoplasm is much less dense than that in other parts of the cell.
DISCUSSION
The freeze-etching technique has proved to be very suitable for the examination of extended regions of the surface of bacteria, without the necessity for the disruption of cells and the preparation of cell walls, as is required for negative staining. In the present study, the appearance of the regular array of subunits on the outer surface of the Acinetobacter indicates that the eutectic layer reported by DeVoe et al. (6) could not have been present here. Freezeetching has also revealed fracture faces within the cell walls, with surface structures which are not visible by other techniques, and the method, therefore, provides valuable supplementary information.
The development of folds and blebs of surface material, particularly near the site of septum formation, might be regarded as part of a process by which small areas of newly synthesized material are incorporated into the cell surface. However, the appearance of some cells (e.g., Fig. 6 and 7 ) seems more consistent with the idea that the folds consist of material which becomes surplus as the cell constricts; in addition, it has been established ( Fig. 11-13 ) that quite large pieces of the surface are eventually detached and shed into the growth medium. These observations were made on cells in active logarithmic growth, and it seems unlikely that degeneration of nonviable cells could be responsible for the effects observed.
We suggest that the alteration in shape of the cell at the zone of constriction is due primarily to the modification of the peptidoglycan layer by the combined processes of autolysis and insertion of new material, as implied by the results of Schwarz et al. (19) for E. coli. If the surface layers, consisting of the outer membrane and surface subunits, have less ability to change in shape, possibly because autolytic enzymes for these layers are less active, this might result in a temporary surplus of the surface layers. This would seem particularly likely if new material for these layers should prove to be intercalated diffusely over the entire surface, as suggested by Cole (5) for Salmonella.
Similar observations of irregularities in the surface, consisting of blebs and other evaginations, have been made in freeze-etched prepara-r..Se eosExffixt-_rv-v X4S-t"1'~3. s ',d Z:. j-r -P,A4 ' 7 FIG. 22 . A slightly plasmolyzed cell, freeze-fractured in the presence of 30%o (vol/vol) glycerol. Layers cwl, cw2, and cw3 are visible, also the fracture faces cIv2 and urm. The structures marked (m) are probably everted mesosomes, and similar structures are thought to underlie the bumps (arrows) in the ffm surface. tions of Neisseria gonorrhoeae (25) and E. coli; in the latter organism, most of the blebs were found near the zone of constriction of dividing cells, and some were detached in the growth medium (7) . Earlier studies of E. coli (14) showed that blebs consisting of portions of the outer membrane containing lipopolysaccharide were excreted under conditions of limited protein synthesis, and in normal growth, lipopolysaccharide excretion also occurred, but to a smaller extent (18) . It seems that the shedding of blebs of the outer membrane, originating near the site of septum formation, occurs in both E. coli and the Acinetobacter, two organisms whose surface structures differ significantly. The process may therefore be one which occurs commonly among gram-negative bacteria.
The layers revealed by freeze-etching, both as fractured edges and in surface view as fracture faces, are indicated diagrammatically in Fig.  30 Diagram showing the relation between the layers in the cell envelope, the convex fracture faces, and the outer surface of the cell as seen after freeze-etching. cwl, cw2, cw3, Layers of the cell wall. Layer cw3 shows two constituent layers (arrow) only after freeze-etching with glycerol. pm, Plasma membrane; pmo, edge of outer portion of plasma membrane; ssu, outer surface of cell with patterned layer of surface subunits; b, bleb in outer surface; cv3, convex fracture face in cell wall, exposed by freeze-fracture in the presence of glycerol, or after treatment with chloramphenicol; p)n, convex internal fracture face of plasma membrane; f, fibril.
ferrooxidans (16) , E. coli (7, 29) , a marine pseudomonad (6), Pseudomonas aeruginosa (11) , Nitrosomonas europaea (28), Neisseria gonorrhoeae (25) , and Micrococcus halodenitrificans (24) . The increased tendency for cleavage to occur within the wall in the presence of glycerol was also observed for E. coli (29) , the gonococcus (25), and P. aeruginosa (11) .
The surface appearance of the concave fracture face, which consisted of densely packed granules, was very similar in the Acinetobacter to that described in all the studies just mentioned, apart from that of DeVoe et al. (6) , who did not see this particular face in their organism. As already mentioned by Van Gool and Nanninga (29) , this granular fracture face would seem to correspond to some feature common to the cell walls of a wide variety of gram-negative bacteria.
The convex fracture face, on the other hand, was usually relatively smooth in the various studies mentioned, although Van Gool and Nanninga (29) found it to be smooth when freeze-etching was done in the absence of glycerol, whereas it formed a surface with numerous small grooves and irregularly distributed particles when freeze-etched with glycerol present. Some fibrils were present on the convex fracture face in P. aeruginosa (11) , and in the Acinetobacter fibrils appear to be numerous and closely packed on the corresponding surface; the possible origin of the fibrils is discussed further below.
The location of the fracture plane in the cell wall, in relation to the structures seen in thin section, is not definitely established (17) . The fracture plane was thought to occur at the inner surface of the outer membrane in the Ferrobacillus (16) and at the level of the peptidoglycan layer in Nitrosocystis (31) ; an intemal fracture of the outer membrane, similar to that which occurs in the plasma membrane, has been suggested for E. coli (29) , a marine pseudomonad (8) and P. aeruginosa (11) .
In the Acinetobacter, the fracture plane in the wall was revealed only when intact cell walls were present, either in whole cells or in the form of isolated walls. Spheroplasts and outer membrane preparations, freeze-etched in the presence of glycerol, did not show the fracture faces characteristic of the cell wall, although the spheroplast preparation contained many internal fractures of the plasma membrane. These observations suggest that a region between two adjacent layers of the cell wall forms, when frozen, a weak area where fracture is liable to occur; this may correspond, in section, to the region where the outer membrane adjoins the intermediate layer. This type of fracture would correspond to that suggested by Branton and Park (2) to occur between adjacent thylakoids in the grana stack, revealing the outer surface of the thylakoid, in their study of chloroplast lamellae. However, further evidence is needed to establish the location of the fracture in the cell wall of the Acinetobacter, since it is also possible that an internal fracture of the outer membrane might take place in the intact cell wall and not in isolated membranes. Remsen and Watson (17) describe intracytoplasmic membranes in N. winogradskyi which fractured internally when in the intact cell and not when isolated.
In many earlier studies (e.g., 16, 22) , fibrils have been observed at the cross-fractured edges of the cell walls. Similar fibrils are frequently observed in the Acinetobacter, and they appear to arise from various different layers of the wall Fig. 30 . c, Cytoplasm; p"m, concave intemal fracture face of plasma membrane; cM2, concave fracture face in cell wall. (Fig. 1, 11, 15, 16, 30, and 31) . Cracks in the etched outer surface of the cell (Fig. 5) are sometimes bridged by fibrils of similar appearance, and it would seem that these can only have arisen by plastic deformation of the outer layers of the wall. We consider that the fibrils which extend from the cross-fractured edges, and also those which form the convex fracture face of cw3, have probably also originated in the same way. This would imply that the fibrillar appearance ofcew3 may not be a reflection of the structure present in the intact cell wall.
This assumption that plastic deformation is involved in the formation of fibrils is based on observations where this effect has been shown to occur during freeze-fracture, in collagen fibrils and polystyrene granules (4), and after fracture at -140 C in myosin filaments (3) . Veltri and McAlear (30) observed fibrils at the cross-fractured edges of the plasma membrane of Hydrogenomonas eutropha and interpreted them as pegs which are present in the intact cell as transmembrane elements. If this were so, it is difficult to see why they do not appear on the convex internal fracture face of the plasma membrane. Veltri and McAlear's suggestion (30) that the bumps on this surface may be the ends of pegs seems improbable, since similar intramembranous granules have been observed on almost all biological membranes studied.
The most striking effect on the Acinetobacter strain of incubation with chloramphenicol was the thickening of the dense, peptidoglycan-containing layer. This resembles the effect seen in many gram-positive bacteria (9, 10, 20) and differs from the observations of Giesbrecht and Ruska (10) on E. coli, in which the cell envelope appears unaltered after treatment with chloramphenicol.
